Summary. Amylase and chymotrypsinogen in pancreatic tissue from normal and diabetic rats were revealed by immunocytochemistry and analyzed biochemically. In acinar cells of control animals, both enzymes were localized with high resolution in the rough endoplasmic reticulum, Golgi apparatus, immature and mature secretory granules. Quantitative evaluations of the intensities of labelings have demonstrated, for both enzymes, the presence of an increasing gradient which followed precisely their secretory pathway. This gradient reflects the normal processing of both proteins through secretion. In streptozotocin-induced diabetic animals, labeling for amylase in acinar cells was markedly reduced (remaining about 11% of the normal values). The gradient along the secretory pathway was abolished, indicating an alteration in the processing and secretion of amylase. On the other hand, labeling for chymotrypsinogen was significantly increased (to 170% p < 0.0005), and its processing remained normal. In insulin-treated diabetic animals, immunolabeling for amylase was restored and the gradient re-established, indicating a normalization of the secretion. Labeling for chymotrypsinogen was reduced towards normal values. These results were found to be in agreement with those obtained by biochemical approaches and demonstrate that, in the diabetic condition, secretion of amylase is selectively impaired.
The pancreas is composed of two separate glandular systems, the exocrine acinar tissue and the endocrine islets of Langerhans. In all species of mammals, the islets are dispersed throughout the exocrine parenchyma. This particular disposition gave rise to the hypothesis that both entities are closely related and that their dispersion provides large areas of contact between the two tissues [1] . The concept of an islet-acinar axis has been mainly based on morphological evidences [2 and 3] : the demonstration of an insulo-acinar portal vascular system [4] [5] , the partition of the acinar parenchyma into peri-insular and tele-insular tissues [6] [7] [8] [9] [10] and the presence of intercellular junctional specialization between endocrine and exocrine cells [11] . In addition to the existence of islet hormones receptors in acinar cells, their influence on pancreatic secretion has been well documented [2 and 3] . Furthermore, concomitant with the alterations occurring at the level of the endocrine pancreas in the diabetic condition, modifications of the exocrine pancreatic secretion have been reported in humans [12] [13] [14] as well as in experimental diabetic animals [2, 3, [15] [16] [17] [18] [19] . Quantitative high resolution immunocytochemistry has proven to be a powerful approach for the study of protein secretion [20] , and was previously applied in the investigation of the pancreatic function [21] . FollOwing the same line, we have undertaken the investigation of the pancreatic acinar tissue of streptozotocin-induced hyperglycaemic rats applying the quantitative protein A-gold immunocytochemical technique [22] . Two enzymes, amylase and chymotrypsinogen, the secretion of which appears to be altered in the diabetic condition, were analyzed. Furthermore, the effect of insulin on the processing of amylase and chymotrypsinogen by acinar ceils from streptozotocin-treated rats was also evaluated.
Materials and methods
An experimental chronic hyperglycaemic state was induced in Sprague-Dawley male rats by intravenous injection of streptozotocin. Fifty animals of about 100 g body vet. were fasted overnight. Forty of them received a single injection (0.2ml) of 50 mg/kg body wt. of streptozotocin (Boehringer Mannheirn, Quebec, Canada) diluted in 10 mmol/1 sodium citrate at pH 4.5. Ten control animals received the same volume of the sodium citrate solution. The animals were kept in individual cages, had free access to food (Purina Chow River) and water. Urine samples were collected and analyzed weekly for the presence of glucose, proteins and ketone bodies and for their pH (reagent N-multistix, Ames, Ontario, Canada). Among the animals receiving the streptozotocin injection, 30 of them demonstrated significant glucosuria 24 to 48 h after the injection. Glucose in urine remained positive along the entire experiment. They also showed strong ketonuria, and urine pH of about 5. Four animals receiving the streptozotocin injection, but not demonstrating glucosuria, were used as another group of controls. All animals were kept for three months and were then killed by decapitation after a blow on the head. Five streptozotocininjected animals demonstrating strong glucosuria were treated with a daily injection of insulin (NPH, Connaught Laboratories, Ontario, Canada; 8 U/day per animal) for a period of 10 days. This treatment eliminated the presence of glucose in urine. These animals received their tenth injection 2 h before killing. Five streptozotocin-hyperglycaemic animals and five control rats were fasted overnight before killing. Blood was collected only at time of death, and serum glucose levels were determined by the glucose oxidase method.
Immunocytoehemistry
Small fragments of the splenic part of the pancreas were fixed by immersion with 0.1 tool/1 phosphate buffered 1% glutaraldehyde for 2 h at room temperature and were then washed in the same buffer. The tissues were, or were not, postfixed with phosphate buffered 1% osmium tetroxide for 60 rain at 4 °C. Embedding was performed in Epon according to standard procedures. Thin sections were cut, mounted on nickel grids and processed for immunocytochemistry.
Two different antibodies, one directed against amylase and the other against chymotrypsinogen, were used in this study. These antibodies were those raised in guinea pig, characterized and used previously for the light [9] and electron microscopic [21] localization of these two same secretory proteins in rat pancreatic tissue. In the present study, they were applied with the protein A-gold technique [221 for the localization of the corresponding protein in pancreatic tissues from the different groups of animals. The protein A-gold technique was applied according to procedures already described using gold particles of 14 nm in diameter [22] . Briefly, the tissue sections mounted on grids were incubated for 5 min on a drop of 0.01 mol/1 phosphate buffer saline pH7.3 (PBS) containing 1% ovalbumin, transferred without rinsing onto a drop of the diluted antibody (1:50 for amylase and 1:10 for chymotrypsinogen) and incubated for 2 h at room temperature. The grids were then rinsed to remove excess unbound antibodies, transferred on a drop of PBS containing 1% ovalbumin for 5 min and finally incubated on a drop of the protein A-gold complex for 1 h at room temperature. After this incubation, the grids were thoroughly washed with PBS, rinsed in distilled water and dried. The tissue sections were stained with uranyl acetate and lead citrate before examination in the electron microscope.
In the case of osmium-tetroxide postfixed tissues, the thin sections were first incubated on a saturated aqueous solution of sodium metaperiodate for 1 h at room temperature [22] . The grids were then carefully rinsed with distilled water, transferred on a drop of PBS containing 1% ovalbumin, and then processed according to the above described protocol.
The specificity of the immunolabeling obtained with the protein A-gold technique was assessed through several control experiments as described in detail previously [22] : (1) incubation with the protein Agold complex alone; (2) incubation with antigen-adsorbed antiserum followed by the protein A-gold complex; (3) incubation with the antiserum followed by unlabeled protein A and protein A-gold complex.
The quantitative evaluation of labelings was performed as described previously [22] . Twenty-four micrograpbs of different acinar cells were taken for each animal from all control and experimental groups at the initial magnification of X 6,000; they were then enlarged to a final magnification of X 48,000. A modular system for quantitative digital image analysis (MOP-3, Carl Zeiss Inc., Quebec, Canada) was used for these evaluations.
Biochemistry
For the biochemical determination of amylase and ehymotrypsinogen, the tissue fragments were immersed in the appropriate Triton buffer [23] and homogenized. Amylase and chymotrypsinogen were analyzed according to the procedures described by Bernfeld [24] and Hummel [25] respectively. DNA was extracted according to Mainz et al. [26] and measured by the method of Volkin and Cohn [27] using calf thymus DNA as a standard.
Statistical analysis
Statistical evaluations of the morphological and biochemical results were performed using Student's t-test for paired samples.
Results
When compared to the control (buffer-injected) normoglycaemic animals, the streptozotocin-induced hyperglycaemic rats displayed a moderate weight gain (210+20g versus 4104-20g for the controls). Blood glucose levels were significantly enhanced in the streptozotocin diabetic animals (34.19 _+ 2.78 mmol/1 versus 6.49 ___ 0.50 mmol/1 for the controls p < 0.0001). The hyperglycaemic state remained very significant after overnight fasting (31.58 4-1.28 mmol/1 p < 0.0001).
Amylase and chymotrypsinogen were revealed by immunocytochemistry in the different compartments of the acinar cells. In cells from control animals, a labeling for both enzymes was found over the rough endoplasmic reticulum, the Golgi apparatus, the immature and mature secretory granules; the latter presented the highest intensity of labeling (Figs. 1 a, b) . A positive reaction was also found over the content of the acinar lumen. Very few gold particles were present over the nucleus and the mitochondria. The intensities of labeling obtained for amylase were superior to those obtained for chymotrypsinogen. These results were confirmed by the quantitative evaluations (Tables 1, 2 ) which further revealed, for each enzyme, the presence of an increasing gradient in the intensities of labelings along the rough endoplasmic reticulum-Golgi-granules secretory pathway. The intensities of labeling observed for the control animals after overnight fasting were similar to those observed for the normally-fed animals ( Tables 1, 2 ). The specificity of the results was assessed through numerous experiments. Indeed, when the labeling was performed with the antibodies pre-adsorbed with their corresponding antigens (either anti-amylase plus amylase or antichymotrypsinogen plus chymotrypsinogen), very few gold particles were found over the acinar cells. However, when the adsorption was performed with the opposite antigen (either anti-amylase plus chymotrypsinogen or anti-chymotrypsinogen plus amylase), the labeling remained unchanged. Very few gold particles were found when the antibody step was omitted or when protein A was used prior to the protein A-gold complex, All these results are in agreement with those published previously on normal rat pancreatic tissue [20] [21] [22] . Values identified with similar symbols are not significantly different from one another; otherwise, values are significantly different (p < 0.0005). n = number of animals. Twenty-four cells were evaluated for each animal. Anti-chymotrypsinogen antibody/protein A-gold expressed as gold particles per ktm2; mean values 2 SEM I n p a n c r e a t i c a c i n a r cells o f s t r e p t o z o t o c i n -i n d u c e d h y p e r g l y c a e m i c a n i m a l s , t h e l a b e l i n g for a m y l a s e was m a r k e d l y r e d u c e d . I n d e e d , o n l y few g o l d particles were p r e s e n t o v e r the d i f f e r e n t c e l l u l a r c o m p a r t m e n t s inv o l v e d i n secretion, the r o u g h e n d o p l a s m i c r e t i c u l u m , t h e G o l g i a p p a r a t u s a n d t h e secretory g r a n u l e s ( F i g . 2 In each vertical column, values identified with similar symbols are not significantly different from one another; otherwise, values are significantly different (t7 < 0.0005). n = number of animals. Mean values _+ SEM one compartment to the other. On the other hand, in these same cells, the immunolabeling obtained for chymotrypsinogen was intense (Fig.2b) . Indeed, numerous gold particles were present over the rough endoplasmic reticulum, the Golgi apparatus and the secretory granules. These results were confirmed by quantitative evaluations (Table 2) , which demonstrated that the intensities of labeling obtained in acinar cells from diabetic animals were higher (about 170%) than those found for the control animals (p <0.0005). Furthermore, the increasing gradient in the intensity of this labeling was present along the secretory pathway. The results obtained on the pancreatic acinar cells from overnight fasted hyperglycaemic rats were similar to those of normally-fed hyperglycaemic animals; labeling for amylase was drastically reduced while that for chymotrypsinogen was increased (Tables 1 and 2 ).
a ) . B a c k g r o u n d s t a i n i n g r e m a i n e d very low. T h e s e results were c o n f i r m e d b y t h e q u a n t i t a t i v e evaluations, w i t h a m y l a s e l a b e l i n g o b t a i n e d u n d e r d i a b e t i c c o n d i t i o n a b o u t 11% o f t h a t f o u n d in c o n t r o l s (Table 1). I n a d d i t i o n , q u a n t i f i c a t i o n d e m o n s t r a t e d t h a t there was
Acinar cells from streptozotocin-injected normoglycaemic animals (glycaemia: 6.22_+ 0.44 mmol/1) demonstrated labelings for amylase and chymotrypsinogen which were qualitatively identical to, and quantitatively in the range of, the results found for control animals in this (Tables 1 and 2 ) and previous studies [20, 21] .
Results obtained on acinar cells from insulin-treated diabetic animals showed intense labelings for amylase and chymotrypsinogen. The quantitative evaluations (Tables i and 2 ) confirmed these observations and demonstrated that the intensities of labeling obtained for both enzymes were even higher (about 130%) than those found in control animals. Furthermore, the gradient of immunolabeling was present for both amylase and chymotrypsinogen.
The biochemical analysis of amylase and chymotrypsinogen contents in the tissues of the different groups of animals are presented in Table 3 . The results obtained from the amylase assays demonstrated a drastic decrease of the enzyme in tissues from streptozotocin-induced diabetic animals while no difference was found between the control, the diabetic insulin-treated and the streptozotocin-injected normoglycaemic animals. No difference was also observed between normally-fed animals and those fasted overnight. The results obtained from the chymotrypsinogen assays demonstrated an increase in the activity of the enzyme in the diabetic and in the hyperglycaemic insulin-treated animals when compared to the controls. No difference was observed between the control and the streptozotocin-injected normoglycaemic rats. Activities of chymotrypsinogen were higher in tissues of overnight fasted animals than in those of normally-fed animals ( Table 3) .
Discussion
In this study, we have investigated by quantitative immunocytochemistry the distribution of two secretory proteins in the exocrine pancreas of normal and streptozotocin-induced diabetic rats. In the normal animal, amylase and chymotrypsinogen were revealed with high resolution in the different cellular compartments involved in protein secretion. The quantitative evaluation has demonstrated the presence of a gradient in the intensity of labeling which increases along the rough endoplasmic reticulum-Golgi-granule secretory pathway. These results are in total agreement with those reported previously [20, 21] . Results obtained on tissues from diabetic animals, on the other hand, have demonstrated the presence of major alterations in the secretory activity of the acinar cells. Indeed, the labeling obtained for amylase was found to be drastically decreased while that for chymotrypsinogen was significantly increased. Similar observations were made on normally fed and on overnight fasted animals, indicating that the intake of food by diabetic animals did not stimulate amylase secretion. These results are supported by our biochemical analysis, and are in agreement with previous reports demonstrating a depletion of pancreatic amylase under diabetic conditions [15, 16, 18, 19, 28, 29] . According to the results obtained, these alterations do not seem to correspond to a direct influence of streptozotocin, since pancreatic tissue of animals having received the drug but not having developed an hyperglycaemic state shows no major modification in amylase secretion. Furthermore, acinar cells from spontaneous hyperglycaemic BB (Bio-Breeding, Ottawa, Canada) rats are also depleted of amylase (unpublished observations). The quantitative evaluations performed on amylase and chymotrypsinogen immunolabelings over the different compartments of the acinar cells in diabetic animals have revealed the presence of an increasing gradient in labeling intensities only for the chymotrypsinogen. This gradient was previously interpreted as reflecting the increment of protein concentration [20] ; however, it can also result from the increment in antigenicity which may occur along with protein maturation. Nevertheless, the modification in this gradient observed for the remaining low levels of amylase in diabetic animals reflects alterations in the processing of this protein. Such a decrease in amylase content under diabetic condition was related to a decrease in amylase synthesis as dem-659 onstrated by changes in amylase mRNA levels [17] . The alteration seems to be dependent on insulin levels, which appear to play a key role in the processing of amylase [2, 3] . Insulin has been shown to regulate amylase mRNA [17] , and our results have confirmed that treatment of the diabetic animals with insulin restores amylase immunolabeling in the acinar cells with the reappearance of the increasing gradient along the secretory pathway. Insulin treatment also affected chymotrypsinogen, since its labeling was decreased toward normal values. Therefore, insulin appears to restore the normal secretory activity of the acinar cells. However, it is difficult to establish in a definite way if the alterations observed are directly related to the insulin deficiency or are the result of the hyperglycaemic state. Indeed, regulation of amylase secretion by circulating blood glucose levels has also been suggested [2, 3, 29] . Nevertheless, the lack of amylase under diabetic conditions may well represent an adaptation process through which the animal reduces glucose absorption.
